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1．Abstract   
Background: Turning while walking is a common and essential task to activities 
of daily living. Stroke survivors were reported to have a higher rate of falls during 
turning while walking. Very little is known about the kinetic characteristics of 
turning ability of stroke survivors, although their characteristics will be expected 
to provide useful information to develop a new rehabilitation program for stroke 
patients to improve their turning ability. 
Objective: The aim of this study was to investigate whether rotational torque 
about the vertical axis of the lower limb could reflect the turning ability of stroke 
survivors by measuring the kinematic and kinetic parameters during 90-degree 
turns. 
Methods: Eight stroke survivors aged 57 ± 7 years (mean ± SD) and eight healthy 
adults aged 64 ± 11 years (mean ± SD) participated in this study. Participants 
were asked to perform 90-degree turns to the right or left, starting at the step 
ipsilateral to the turn direction at a comfortable walking speed. Data were 
collected using an 8-camera motion analysis system (120 Hz) and four force 
plates to compute kinematic and kinetic parameters of the approach step, the 
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turn step, and depart step during turning, including a trajectory of the center of 
mass (COM), a rotational torque about the vertical axis, the inclination angle of 
the line connecting the COM to the center of pressure (COM-COP angle), the 
COM curvature, the required coefficient of friction (RCOF), and gait 
spatio-temporal parameters. These data were compared between turns to the 
affected side and the unaffected side in stroke survivors, and between turns to the 
right side and the left side in healthy participants. Correlations of the peak 
rotational torque during the turn step with the gait spatio-temporal parameters, 
the RCOF, the COM-COP angle, and the COM curvature were calculated in 
stroke survivors and healthy participants, respectively.  
Results: The peak external rotational torque of the turn step was significantly 
greater during 90-degree turns to the unaffected side than to the affected side in 
stroke survivors. The stride width during turning to the unaffected side was 
significantly narrower than during turning to the affected side. The pelvic 
rotation degree during the stance phase of the turn step and the toe angle of the 
approach step were significantly larger during turning to the unaffected side than 
to the affected side. The peak external rotational torque of the turn step was 
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negatively correlated with the stride width during turns to the unaffected side 
and to the affected side, while there was no significant correlation between the 
peak rotational torque and the pelvic rotation degree during turning. Other gait 
spatio-temporal parameters, the COM-COP angle, and the RCOF were not 
different between turns to the unaffected side and to the affected side. 
The peak rotational torque, the RCOF, the COM-COP angle, the COM curvature, 
and the gait spatio-temporal parameters were not different between turns to the 
right side and left side in the healthy adults.  
Conclusion: Rotational torque of the turn step may be a potential useful 
parameter to determine the turning ability among stroke survivors. Stroke 
survivors may compensate for the declined external rotational torque of the turn 
step of the affected lower limb with initiating turn with the approach step of the 
unaffected lower limb during turning to the affected side. 
Keywords: Gait, Rotational torque, Stride width, Stroke, Turning 
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2．Introduction 
     Turns are common during activities of daily living1, 2). Approximately 35–45% 
of all steps are turning steps in stores and offices1). Turning strategies can be 
classified into step turns and spin turns3, 4). Step turns are characterized by 
turning in the direction to the opposite side of the stance limb whereas spin turns 
are characterized by turning in the direction towards the stance limb. In 
comparison with spin turns, step turns are considered more stable because step 
turning involves a wider base of support as compared to spin turning during 
which the whole-body center-of-mass (COM) falls outside the base-of-support for 
the majority of the stance phase3). Spin turns are more challenging to postural 
control with a greater biomechanical cost than step turns5). Step turn will be 
recommended instead of spin turn as turn strategy for a person with poor turning 
ability to turn more safely. Several clinical tests to assess the turning ability were 
reported, including the Timed Up and Go test6), the Figure-of-Eight Walk test7), 
and the Timed 180 Turn Test8). The step width during turning was reported to be 
wider in stroke survivors than healthy adults9). The wider step width would act to 
increase stability during turning, which may be indicative of poor balance. 
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     Very little is known about the kinetic characteristics of turning ability of 
stroke survivors, although their characteristics will be expected to provide useful 
information to develop a new rehabilitation program for stroke patients to 
improve their turning ability. Trunk and pelvis transverse plane rotation is vital 
to align with the new path when turning as head reorientation follows the center 
of mass changes, and only then is body reorientation initiated in healthy adults10), 
and stroke patients9). The drive force of the pelvis rotation in the transverse plane 
might be associated with the rotational torque about the vertical axis of the lower 
limbs during the turn step, which originates at the foot's center of pressure (COP) 
around the vertical axis of the force platform11, 12, 13). The rotational torque of the 
affected lower limb during turning could be a kinetic index to reflect the turning 
ability because stroke patients were reported to have a higher rate of falls during 
turns to the affected side than to the unaffected side14). While the gait pattern of 
stroke survivors during straight walking was characterized by asymmetrical 
propulsive forces, that is vertical ground reaction forces, between the affected and 
the unaffected lower limbs15), very little has been known of the rotational torque 
during turning, except for that the rotational torque during spin turn was 
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reported to be larger than during step turn and straight walking in typically 
developing children16). It was predicted that stroke survivors will demonstrate 
decreased rotational torque of the affected lower limb about which the pelvis 
rotates during turning compared to that of the unaffected lower limb similarly to 
the vertical ground reaction forces due to hemiparesis following stroke. It was also 
predicted that decreased rotational torque is associated with wider stride width 
that provides a wider base of support for better balance and less pelvic rotation 
degree if the rotational torque is involved in the drive force to rotate the pelvis 
during turning. 
     The hypotheses of the present study were as follows. First, stroke survivors 
had greater peak rotational torque, and pelvic rotation degree, and less stride 
width during turning to the unaffected side than to the affected side. Second, the 
peak rotational torque during the turn phase was positively correlated with the 
pelvic rotation degree, and negatively correlated with the stride width during 
turns to the unaffected side and affected side in stroke survivors.   
7 
 
3．Objective 
     The aim of this study was to investigate whether rotational torque about the 
vertical axis of the lower limb could reflect the turning ability of stroke survivors 
by measuring the kinematic and kinetic parameters during 90-degree turns. 
Clarifying the kinetic index to reflect the turning ability of stroke patients will be 
expected to provide useful information to develop a new rehabilitation program 
for stroke patients to improve their turning ability. 
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4．Methods 
4.1. Participants  
     Eleven stroke survivors and 11 healthy adults participated in this study. 
The inclusion criteria for stroke survivors were as follows: the computed 
tomography or magnetic resonance imaging confirmation of unilateral cerebral 
lesions; and ability to walk on a straight path and then turn 90 degrees before 
continuing down the straight path without assistive devices for at least 7 m. All 
stroke survivors were aged 40–75 years and patients who experienced their initial 
attack were included. The inclusion criterions for the healthy adults were in good 
health condition and aged 40–75 years. The exclusion criteria for stroke survivors 
and health adults were as follows: abnormal mental status; higher brain 
dysfunction; history of orthopedic problems; head injury; and aphasia. Written 
informed consent was obtained from all stroke survivors and healthy adults 
according to the Declaration of Helsinki before participation in the study. The 
study was approved by the Ethical Committees of Tohoku University School of 
Medicine. 
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4.2. Equipment and set-up 
     Gait analysis was performed using a three-dimensional motion analysis 
system at 120 Hz (MAC 3D, Motion Analysis Corporation, CA, USA) with an 
8-camera setup, and four 90 cm × 60 cm ground reaction force plates (Anima 
Corporation, Tokyo, Japan) at a sampling frequency of 1,200 Hz. Twenty-four 
reflective markers with a diameter of 19 mm were attached to the following trunk 
and lower limbs of each participant with adhesive tape: both acromia, 7th cervical 
spinous process, sternal notch, xiphoid process, 10th thoracic, both anterior 
superior iliac spines, both posterior superior iliac spines, both hip joint 
trochanters, both knee joint outer clefts, both lateral malleoli, both inner malleoli, 
both heel bones, both heads of the 5th metatarsal bone, and both heads of the first 
metatarsal bone (Figure 1). The medio-lateral, antero-posterior, and vertical 
directions were represented as the x-axis, y-axis, and z-axis, respectively. 
 
4.3. Procedures 
     Participants were asked in advance to walk on a straight path for 4 m, and 
then to turn 90 degrees to the right or to the left for another 3 m at a comfortable 
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walking speed. They were asked to start turning when the step ipsilateral to the 
turn direction reached the corner of the walking path. After the examiner 
performed a demonstration with verbal instructions, participants practiced one or 
two times before the trials. The stroke survivors were not allowed to use any 
assistive devices. The step ipsilateral to the turn direction at the corner of the 
walking path was defined as the turn step. The steps before and following the 
turn step was defined as the approach step and the depart step, respectively. Turn 
phase was defined as the period from the approach step to the depart step. All 
participants turned to their right three times and left three times. 
 
4.4. Measurements 
     The rotational torque was computed using the moment about the vertical 
axis of the force plate, the horizontal components of the COP and the ground 
reaction force12, 13) with minus values to denote the direction for internal rotation 
and positive values to denote the direction for external rotation of the turn step. 
Torque calculations using a previously published equation12, 17): 
 Rotational torque = Mz – (CPx. Fy) + (Cpy. Fx) 
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 CPx = - My / Fz and Cpy = Mx / Fz 
Where Mx, My, and Mz are moments about the x-axis, y-axis, and z-axis, 
respectively. Fx, Fy, and Fz are the ground reaction force in the x-axis, y-axis, and 
z-axis, respectively. CPx and CPy are the x-coordinate of COP and y-coordinate of 
COP, respectively. The time-history patterns of peak torque during approach 
phases, turn phases and depart phases were calculated (Figure 2-5). Positive 
rotational torque acts to resist foot adduction and negative torque acts to resist 
foot abduction. Normalization was carried out using the body weight and the 
height of each participant. 
     COM curvature was defined as the COM trajectory during the turn step 
using a least-squares quadratic fit in the horizontal plane18). The inclination angle 
of the line connecting the COM to the center of pressure during the turn step was 
measured and termed the COM-COP angle18, 19). The required coefficient of 
friction (RCOF) was calculated as horizontal force divided by vertical force19, 20, 21). 
     Stride width was defined as stride width (heel), the distance from the heel 
strike of the turn step to a line connecting the heel strikes of the approach step 
and the depart step22, 23, 24). Another stride width was defined as the distance from 
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the first metatarsal head contact points of the turn step to a line connecting those 
of the approach step and the depart step, termed stride width (first metatarsal 
head). Stride width was normalized by the height of each participant. Stride 
length during turning was defined as the length between the heel contact points 
of the approach step and the depart step. Stride velocity was defined as the 
displacement velocity of the COM for the stride during turning25). Step length was 
calculated using the method for non-linear gait22). Stance time was measured 
from foot contact to toe-off24). Cadence was defined as the number of steps per 
second26). Toe angle was measured according to the heel and toe contact points 
with the floor as the angle between a line connecting the two points and the 
anterior-posterior force plate axis (Figure 6-9). Pelvic rotation degree was 
measured as the angle between a line connecting the reflective markers of both 
anterior superior iliac spines at the approach step and turn step.  
 
4.5. Statistical analyses 
     Three trials were collected for turns to each direction for each participant. 
Trials were excluded if participants stepped outside the force plate or stepped on 
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two force plates at the same time. The first successful trial was retained for 
analysis. Stride width, stride length, stride velocity, step length, stance time, 
cadence, toe angle, pelvic rotation degree, rotational torque, COM curvature, 
COM-COP angle, and RCOF were calculated using data analysis software (Kissei 
Comtec Corporation, Nagano, Japan). Three stroke survivors and three healthy 
adults were excluded from analysis because no rotational torque data was 
obtained due to failure to track steps by the force plates.  
     Means and standard deviations (SDs) were calculated for all outcome 
variables. The data were compared between turns to the affected side and the 
unaffected side in stroke survivors. In healthy adults, the data were compared 
between turns to the right side and the left side. These differences were assessed 
using the paired 𝑡-test for parametric data and the Wilcoxon signed-ranks test for 
nonparametric data after checking the normality of the data using the 
Shapiro-Wilk test. Relationships between peak rotational torque and other kinetic 
and kinematic parameters were examined using Spearman's correlation 
coefficient in stroke survivors and healthy adults, respectively. A p-value of < 0.05 
denoted statistical significance. Intraclass correlation coefficients (ICCs) were 
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used to assess the test-retest reliability with the first two successful trials for the 
stroke survivors and healthy adults, respectively. All statistical analyses were 
performed using SPSS Statistics (version 24, IBM Japan, Tokyo, Japan). 
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5．Results 
     The data of eight stroke survivors (eight men; mean age ± SD 57 ± 7 years, 
weight 76 ± 11kg, and height 170 ± 6 cm) and eight healthy adults (two men; 
mean age ± SD 64 ± 11 years, weight 60 ± 14 kg, and height 161 ± 9 cm) were 
analyzed in this study. The types of stroke were cerebral hemorrhage in five and 
cerebral infarction in three, with left hemiparesis in three, and with right 
hemiparesis in five of eight stroke survivors, and whose paralysis of the affected 
lower extremity was classified as stage III in 1, IV in 1, and V in 6 stroke 
survivors according to the Brunnstrom recovery stage. The time from stroke onset 
was 89 ± 44 months. 
 
5.1. Comparison of kinematic and kinetic parameters between turns to the 
unaffected side and affected side in stroke survivors 
     The stride width (heel) for the turn phase was smaller during turns to the 
unaffected side than to the affected side (p<0.01) while the stride width (first 
metatarsal head) was not different between turns to the unaffected side and to the 
affected side. The toe angle of the approach step were greater during turns to the 
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unaffected side than to the affected side (p=0.04). The pelvic rotation degree of the 
turn step were greater during turning to the unaffected side than to the affected 
side (p=0.02). The peak external rotational torque of the turn step was 
significantly greater during turning to the unaffected side than to the affected 
side (p=0.02). The COM curvature was significantly greater during turns to the 
unaffected side than to the affected (p=0.03). Other kinematic and kinetic 
parameters were not different between turning to the unaffected side and to the 
affected side (Table 1). 
 
5.2. Comparison of kinematic and kinetic parameters between turning to the right 
and left side in healthy adults 
     There were no side-to-side differences in all the measured kinematic and 
kinetic parameters including the rotational torques (Table 2). 
 
5.3. Correlations of peak external rotational torque during turn step with other 
kinetic and kinematic parameters in stroke survivors 
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     The peak external rotational torque during the turn step was negatively 
correlated with the stride width (heel) during turning to the unaffected side 
(rho=-0.81, p<0.01) and to the affected side (rho=-0.86, p<0.01), and negatively 
correlated with the COM curvature during turning to the affected side (rho=-0.64, 
p=0.04) (Table 3).  
 
5.4. Correlations of peak internal rotational torque during approach step with 
stride width of turn step and pelvic rotation degree in stroke survivors 
     The peak internal rotational torque during the approach step was positively 
correlated with the stride width (first metatarsal head) for turning to the 
unaffected side (rho=0.71, p=0.02) and to the affected side (rho=0.71, p=0.02), and 
positively correlated with the pelvic rotation degree during the approach step 
(rho=0.79, p=0.01) (Table 4). 
 
5.5. Correlations of peak external rotational torque during turn step with other 
kinetic and kinematic parameters in healthy adults 
     The peak external rotational torque during the turn step for turning to the 
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left side was positively correlated with the stance time (rho=0.86, p<0.01) and the 
pelvic rotation degree (rho=0.86, p<0.01) during the turn step. The peak external 
rotational torque during the turn step for turning to the right side was not 
correlated with all the parameters for turning to the right side (Table 5). 
 
5.6. Correlations of peak internal rotational torque during approach step with 
stride width during turning and pelvic rotation degree of approach step in healthy 
adults 
     The peak internal rotational torque during the approach step was not 
correlated with the stride width during turning and the pelvic rotation degree of 
the approach step for turning to either the right or the left side (Table 6). 
 
5.7. Test-retest reliability ICCs in stroke survivors  
     The ICCs for the parameters were calculated in four stroke survivors. As 
for turns to the unaffected side, the ICCs of the stride width (heel), the stride 
width (first metatarsal head), the stride length, the step length, the stance time, 
the toe angle, the pelvic rotation degree, and the peak external rotational torque 
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of the turn step, and the COM curvature during the turn phase were 0.76, 0.89, 
0.51, 0.81, 0.96, 0.89, 0.91, 0.80, and 0.10, respectively. As for turns to the 
affected side, the ICCs of the stride width (heel), the stride width (first 
metatarsal head), the stride length, the step length, the stance time, the toe 
angle, the pelvic rotation degree, and the peak external rotational torque of the 
turn step, the COM curvature, the COM-COP angle and the RCOF of the turn 
step were 0.97, 0.99, 0.92, 0.91, 0.51, 1.00, 0.94, 0.95, 0.95, 0.86, and 0.92, 
respectively. 
 
5.8. Test-retest reliability ICCs in healthy adults 
     The ICCs for the parameters were calculated in four healthy adults. As for 
turns to the left, the ICCs of the stride width (heel), the stride width (first 
metatarsal head), the stride length, the step length, the stance time, the toe angle, 
the pelvic rotation degree, and the peak rotational torque of the turn step, the 
COM curvature, the COM-COP angle and the RCOF of the turn step were 0.99, 
1.00, 0.90, 0.42, 0.04, 0.97, 0.63, 0.89, 0.85, 0.77, and 0.74, respectively. As for 
turns to the right, the stride width (heel), the stride width (first metatarsal head), 
20 
 
the stride length, the step length, the stance time, the toe angle, the pelvic 
rotation degree, and the peak rotational torque of the turn step, the COM 
curvature, the COM-COP angle of the turn step had ICCs of 0.90, 0.97, 0.93, 0.95, 
0.88, 0.77, 0.95, 0.96, 0.02, and 0.82, respectively.  
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6．Discussion  
     The results of this study supported the hypothesis that the stroke survivors 
had a greater peak rotational torque about the vertical axis of the lower limb, 
pelvic rotation degree, and less stride width during turning to the unaffected side 
than during turning to the affected side and that the rotational torque correlated 
with the stride width during turning in the stroke survivors. These results 
suggest that the rotational torque of the affected lower limb may be one of the 
kinetic characteristic that determines the turning ability of stroke survivors. The 
results of this study, however, did not support the hypothesis that the rotational 
torque correlated with the pelvic rotation degree during turning. Stroke survivors 
performed turns to the unaffected side mainly using the unaffected lower limb 
while they performed turns to the affected side using both lower limbs, which 
means compensating for the declined rotational torque of the turn step of the 
affected lower limb with initiating turn with the approach step of the unaffected 
lower limb during turning to the affected side. 
     The COM-COP angles and the RCOFs during the approach step and the 
turn step were not different between turns to the unaffected side and to the 
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affected side in stroke survivors. The reasons could be that the stroke survivors in 
this study had mild paralysis of the affected lower extremity. There were no 
differences in the kinematic and kinetic parameters between turns to the right 
and left in healthy adults. These results suggest that the same strategy of turning 
to the right side and left side used in healthy adults. The results of the side-to-side 
differences in stroke survivors and healthy adults were similar to previous 
studies8, 27, 28). 
     The peak external rotational torque was recorded in the late stance phase of 
the step turn, prior to the heel contact of the depart step. The rotational torque 
was supposed to be caused by the twisted trunk and pelvis in a horizontal plane 
initiating the turn and following stepping the turn step to the depart step with the 
peak in the late stance phase of the turn step. 
     This exploratory study has several limitations. Firstly, it has a small sample 
size to reveal turn strategy, and the effects of aging and gender. Secondly, this 
study did not examine the degree of paralysis and relationship with risk of falls in 
the stroke survivors with mild paralysis. Thirdly, the participants were asked to 
start turning when the step ipsilateral to the turn direction reached the corner of 
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the walking path. I focused only on spin turn, which is apparently more 
demanding. The difference in the rotational torque between spin turn and step 
turn was therefore not able to be investigated in this study. Lastly, the 
participants’ lower limb dominance was not assessed. As the kinematic and 
kinetic parameters during step turns to the right and left in young healthy 
participants, all with right footedness, were reported to be predominantly 
asymmetrical and significantly greater when turning from the dominant limb25), 
the lower limb dominance may influence the results of this study.  
     In order to improve the activities of daily living of stroke patients, turn 
training needs to be incorporated into stroke rehabilitation programs to improve 
turning ability. The lower limb movements caused by the external rotational 
torque, such as cross-over turn stepping in a standing posture, could be a good 
exercise for stroke patients to improve their turning ability, while it should be 
considered that step turn is safer alternative turning strategy than spin turn 
especially for stroke patients with poor turning ability. 
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7．Conclusion 
     This study analyzed turning characteristics of stroke survivors during 
walking using gait kinematic and kinetic parameters for 90-degree turns. The 
results of this study suggest that the rotational torque about the vertical axis of 
the affected lower limb may be one of the kinetic parameter that determines the 
turning ability of stroke survivors. These findings are expected to be helpful to 
develop turning gait exercise in stroke rehabilitation. 
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Table 1. Comparison of kinematic and kinetic parameters between turns to the 
unaffected side and the affected side in stroke survivors 
 
*p<0.05, **p<0.01, †Wilcoxon signed-rank test, §Normalized to the participant’s height, §§Normalized to the participant’s body 
weight times height. 
All variables except those tested using the Wilcoxon signed-rank test were analyzed by a paired t-test.    
N=8 
Turn to the unaffected side 
(mean ±SD) 
Turn to the affected side 
(mean ±SD) 
p 
(two-tailed) 
Stride width (heel) during turning (no unit)§ -0.01±0.04 0.04±0.03   <0.01** 
Stride width (first metatarsal head) during turning (no unit)§ -0.01±0.05 0.01±0.06 0.09 
Stride length during turning (m) 0.77±0.21 0.77±0.19 0.93 
Stride velocity during turning (m/s) 0.51±0.19 0.54±0.16 0.29 
Step length of approach step (m) 0.36±0.12 0.32±0.10 0.34 
Step length of turn step (cm) 0.39±0.10 0.40±0.10 0.27 
Step length of depart step (cm) 0.30±0.17 0.30±0.11 0.96 
Stance time of approach step (s) 0.79±0.18 0.87±0.19 0.14 
Stance time of turn step (s) 0.94±0.22 0.80±0.17 0.22 
Stance time of depart step (s) 0.70±0.13 0.88±0.15 0.06 
Cadence during turning (steps/min) 113±17 109±16 0.27 
Toe angle of approach step (degree) 5±11 -0±9  0.04* 
Toe angle of turn step (degree) 34±16 28±23 0.40 
Toe angle of depart step (degree) 74±19 78±10 0.24 
Pelvic rotation degree of approach step (degree)  7±7 20±16 0.11 
Pelvic rotation degree of turn step (degree)  74±20 52±15  0.02* 
Peak internal rotational torque of approach step (no unit ×10-3)§§† 2.2±1.7 3.1±2.6 0.40 
Peak external rotational torque of turn step (no unit ×10-3)§§† 8.5±3.4 5.8±4.1  0.02* 
Peak internal rotational torque of depart step (no unit ×10-3)§§ 1.8±1.2 1.2±1.3 0.28 
COM curvature during turning (no unit)† -0.0±0.1 0.2±0.5  0.03* 
COM-COP angle of approach step (degree) 14±3 14±2 0.83 
COM-COP angle of turn step (degree) 12±2 11±4 0.62 
RCOF of approach step (no unit) 0.22±0.06 0.19±0.05 0.27 
RCOF of turn step (no unit) 0.16±0.04 0.18±0.07 0.25 
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Table 2. Comparison of kinematic and kinetic parameters between turns to the 
right and left in healthy adults  
 
†Wilcoxon signed-rank test, §Normalized to the participant’s height, §§Normalized to the participant’s body weight times height. 
All variables except those tested using the Wilcoxon signed-rank test were analyzed by a paired t-test.    
N=8 
Turn to the right side 
(mean ±SD) 
Turn to the lef side 
(mean ±SD) 
p 
(two-tailed) 
Stride width (heel) during turning (no unit)§ -0.04±0.06 -0.03±0.05 0.58 
Stride width (first metatarsal head) during turning (no unit)§ -0.06±0.06 -0.07±0.05 0.71 
Stride length during turning (m) 0.92±0.12 0.92±0.11 0.94 
Stride velocity during turning (m/s)† 0.72±0.15 0.74±0.11 0.24 
Step length of approach step (m) 0.43±0.07 0.44±0.13 0.78 
Step length of turn step (m) 0.48±0.10 0.47±0.06 0.66 
Step length of depart step (m) 0.45±0.13 0.50±0.08 0.36 
Stance time of approach step (s) 0.68±0.06 0.67±0.07 0.78 
Stance time of turn step (s)† 0.70±0.20 0.73±0.15 0.67 
Stance time of depart step (s) 0.68±0.03 0.62±0.07 0.20 
Cadence during turning (steps/min) 132±7 140±11 0.07 
Toe angle of approach step (degree) -4±9 1±7 0.22 
Toe angle of turn step (degree) 31±21 20±14 0.22 
Toe angle of depart step (degree) 83±11 86±11 0.60 
Pelvic rotation degree of approach step (degree)  14±12 5±3 0.05 
Pelvic rotation degree of turn step (degree)  56±8 63±13 0.18 
Peak internal rotational torque of approach step (no unit×10-3)§§ 3.1±2.8 2.5±2.7 0.51 
Peak external rotational torque of turn step (no unit×10-3)§§† 7.9±5.5 7.4±5.1 0.67 
Peak internal rotational torque of depart step (no unit×10-3)§§ 2.5±2.2 1.7±1.7 0.62 
COM curvature during turning (no unit) -0.0±0.1 -0.1±0.0 0.11 
COM-COP angle of approach step (degree) 15±3 15±3 0.30 
COM-COP angle of turn step (degree) 13±2 14±4 0.21 
RCOF of approach step (no unit) 0.24±0.04 0.23±0.03 0.41 
RCOF of turn step (no unit) 0.20±0.05 0.23±0.06 0.21 
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Table 3. Correlations of peak external rotational torque of turn step with other 
kinetic and kinematic parameters in stroke survivors 
 
N=8 
Peak external rotational torque of turn step 
Turn to the unaffected side Turn to the affected side 
Stride width (heel) during turning  rho=-0.81** p<0.01 rho=-0.86** p<0.01 
Stride width (first metatarsal head) during turning rho=-0.52 p=0.09 rho=-0.38 p=0.18 
Stride length during turning rho=0.33 p=0.21 rho=0.31 p=0.23 
Stride velocity during turning rho=0.36 p=0.20 rho=0.24 p=0.29 
Step length of turn step rho=0.33 p=0.21 rho=0.36 p=0.19 
Stance time of turn step rho=-0.38 p=0.18 rho=-0.17 p=0.35 
Cadence during turning rho=0.55 p=0.08 rho=0.12 p=0.39 
Toe angle of turn step rho=0.42 p=0.15 rho=-0.05 p=0.46 
Pelvic rotation degree of turn step rho=-0.43 p=0.15 rho=0.37 p=0.18 
COM curvature during turning rho=-0.29 p=0.25 rho=-0.64* p=0.04 
COM-COP angle of turn step rho=-0.12 p=0.39 rho=0.07 p=0.43 
RCOF of turn step rho=0.12 p=0.39 rho=-0.17 p=0.35 
*p (one-tailed) <0.05, **p (one-tailed) <0.01 
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Table 4. Spearman correlations of peak rotational torque of approach step with 
stride width during turning and pelvic rotation degree of approach step in stroke 
survivors 
 
N=8 
  Peak internal rotational torque of approach step 
Turn to the unaffected side Turn to the affected side 
Stride width (heel) during turning  rho=0.17 p=0.35 rho=0.41 p=0.16 
Stride width (first metatarsal head) during turning rho=0.71* p=0.02 rho=0.71* p=0.02 
Pelvic rotation degree of approach step rho=0.24 p=0.29 rho=0.79* p=0.01 
*p (one-tailed) <0.05, **p (one-tailed) <0.01 
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Table 5. Spearman correlations of peak external rotational torque of turn step 
with other kinetic and kinematic parameters in healthy adults 
 
N=8 
Peak external rotational torque of turn step 
Turn to the left Turn to the right 
Stride width (heel) during turning  rho=-0.36 p=0.19 rho=-0.10 p=0.41 
Stride width (first metatarsal head) during turning rho=-0.57 p=0.07 rho=-0.48 p=0.12 
Stride length during turning rho=-0.33 p=0.21 rho=0.33 p=0.21 
Stride velocity during turning rho=-0.82 p=0.02 rho=-0.04 p=0.47 
Step length of turn step rho=-0.02 p=0.48 rho=0.21 p=0.31 
Stance time of turn step rho=0.86** p<0.01 rho=0.26 p=0.27 
Cadence during turning rho=-0.40 p=0.30 rho=-0.40 p=0.30 
Toe angle of turn step rho=-0.38 p=0.18 rho=-0.17 p=0.35 
Pelvic rotation degree of turn step rho=0.86** p<0.01 rho=0.43 p=0.15 
COM curvature during turning rho=-0.38 p=0.18 rho=0.14 p=0.37 
COM-COP angle of turn step rho=-0.19 p=0.33 rho=0.07 p=0.43 
RCOF of turn step rho=-0.12 p=0.39 rho=0.26 p=0.27 
*p (one-tailed) <0.05, **p (one-tailed) <0.01 
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Table 6. Spearman correlations of peak rotational torque of approach step with 
stride width during turning and pelvic rotation degree of approach step in healthy 
adults 
 
N=7 
Peak internal rotational torque of approach step 
Turn to the left Turn to the right 
Stride width (heel) during turning  rho=0.43 p=0.17 rho=0.46 p=0.15 
Stride width (first metatarsal head) during turning rho=0.32 p=0.24 rho=0.54 p=0.11 
Pelvic rotation degree of approach step rho=0.61 p=0.07 rho=0.04 p=0.47 
*p (one-tailed) <0.05, **p (one-tailed) <0.01 
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Figure 1. Arrangement of reflective markers for gait spatio-temporal 
measurement. 
 
Reflective markers with a diameter of 19 mm were attached to the following 
anatomical positions: both acromia, 7th cervical spinous process, sternal notch, 
xiphoid process, 10th thoracic, both anterior superior iliac spines, both posterior 
superior iliac spines, both hip joint trochanters, both knee joint outer clefts, both 
lateral malleoli, both inner malleoli, both heel bones, both heads of the 5th 
metatarsal bone, and both heads of the first metatarsal bone. 
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Figure 2. Typical time-history pattern of rotational torque at turning to the 
unaffected side in a stroke survivor 
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Figure 3. Typical time-history pattern of rotational torque at turning to the 
affected side in a stroke survivor 
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Figure 4. Typical time-history patterns of rotational torque at turning to the right 
in a healthy adult 
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Figure 5. Typical time-history patterns of rotational torque at turning to the left 
in a healthy adult 
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Figure 6. Typical center of mass trajectory and foot position during a 90-degree 
turn to the right in a healthy adult. 
 
The red, the black, and purple lines were the trajectory of the center of mass 
during the approach step, the turn step, and the depart step, respectively. The 
blue circle, yellow circle, and red circle were located at reflective markers to the 
heel bone, the head of the 5th metatarsal bone, and the head of the first 
metatarsal bone at each stance phase, respectively.  
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Figure 7. Typical center of mass trajectory and foot position during a 90-degree 
turn to the left in a healthy adult. 
 
The red, the black, and purple lines were the trajectory of the center of mass 
during the approach step, the turn step, and the depart step, respectively. The 
blue circle, yellow circle, and red circle were located at reflective markers to the 
heel bone, the head of the 5th metatarsal bone, and the head of the first 
metatarsal bone at each stance phase, respectively. 
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Figure 8. Typical center of mass trajectory and foot position during a 90-degree 
turn to the unaffected side in a stroke survivor. 
 
The red, the black, and purple lines were the trajectory of the center of mass 
during the approach step, the turn step, and the depart step, respectively. The 
blue circle, yellow circle, and red circle were located at reflective markers to the 
heel bone, the head of the 5th metatarsal bone, and the head of the first 
metatarsal bone at each stance phase, respectively. 
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Figure 9. Typical center of mass trajectory and foot position during a 90-degree 
turn to the affected side in a stroke survivor. 
The red, the black, and purple lines were the trajectory of the center of mass 
during the approach step, the turn step, and the depart step, respectively. The 
blue circle, yellow circle, and red circle were located at reflective markers to the 
heel bone, the head of the 5th metatarsal bone, and the head of the first 
metatarsal bone at each stance phase, respectively. 
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